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Objectives: To assess left ventricular dimensions and cardiac output during thoracic and thoracoabdominal aortic 
aneurysm repair. 
Material and methods: Nine patients undergoing thoracic and thoracoabdominal aneurysm repair using direct cross- 
clamping without shunt or by-pass were studied prospectively. Prior to, during cross-clamping (XC) and after declamping 
left ventricular cross-sectional areas were monitored with transesophageal chocardiography. A pulmonary artery catheter 
was used for measurements of cardiac output with the thermodilution technique. 
Results: Cardiac output increased 43% from baseline during XC (p < 0.01) and was still 55% above baseline at 
declamping (p < 0.05). Left ventricular end-systolic inner area was reduced 32% during XC (p < 0.01). Pulmonary artery 
pressures and central venous pressure increased during declamping (p < 0.05). Heart rate increased 38% from 66 beats/ 
min to 92 beats/min (p < 0.01) and was still 30% elevated atdeclamping (p < 0.01). 
Conclusion: During thoracic aortic XC, cardiac output is increased and left ventricular end-systolic dimension is reduced. 
TEE is a valuable supplement topressure measurements for the evaluation of cardiac function during surgery of the 
thoracic aorta. 
Key Words: Transesophageal chocardiography; Aortic cross-clamping; Thoracic aneurysm; Thoracoabdominal aneurysm; 
Cardiac output; Left ventricular dimension. 
Introduction 
Direct cross-clamping (XC) of the descending thoracic 
aorta without shunting or by-pass is widely used 
during thoracic and thoracoabdominal ortic aneu- 
rysm repair. During these procedures peripheral 
resistance is elevated and proximal arterial pressures 
are increased. In some patients this technique can 
impair cardiac function. 1'2 With extensive use of 
vasodilation, descending thoracic aortic cross-clamp- 
ing is remarkably well tolerated, although there are 
still controversies regarding the haemodynamic 
response to this procedure. Different responses 
regarding the performance of the left ventricle have 
been observed in experimental studies; whereas car- 
diac output increased in some studies 3-5 it decreased 
67 in others." In clinical studies too, there are varying 
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observations regarding cardiac output during 
descending thoracic cross-clamping. ~'~'s In previous 
experimental animal studies left ventricular dimen- 
sions increased when segmental length measurements 
were made during cross-clamping, 7"9"~° Similar obser- 
vations have been made in patients using trans- 
esophageal echocardiography (TEE). 11 However, 
based on echocardiography in pigs, we recently found 
reduced ventricular dimensions and increased con- 
tractility during XC. 12 In patients undergoing thoracic 
and thoracoabdominal aneurysm repair, TEE has been 
reported to be more sensitive than the measurement of 
pulmonary artery pressure for the detection of left 
ventricular failure during XC. ~3 
The aim of this study was to investigate the 
application of TEE for assessment of left ventricular 
dimensions during surgical treatment for thoracic and 
thoracoabdominal aortic aneurysms using direct aor- 
tic cross-clamping without shunting or by-pass tech- 
niques. Further, it was the intention to compare these 
findings with measurement of cardiac output and 
pulmonary artery pressures. 
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Materials and Methods 
Ten patients were consecutively included in the 
investigation. Three patients were operated on for 
thoracic aneurysms, whereas even had thoracoabdo- 
minal aortic aneurysm repair. In the latter group, three 
patients belonged to type I, one to type II, one to type 
III and two to type IV. In addition one patient had a 
type B aortic dissection. The mean age was 66 years 
(range 50-70 years) and two were female. Altogether 
six patients were operated on acutely, three of these 
had a ruptured aneurysm, but were haemodynam- 
ically stable at the induction of anaesthesia. Three 
patients were operated on for severe pain, most likely 
caused by expansion of the aneurysm. 
One patient received 500 mg of barbiturate imme- 
diately prior to XC in an attempt to minimise 
ischaemic damage to the spinal cord. 14 This patient 
was preoperatively found to have normal coronary 
angiography, but developed ventricular dilation with 
profound increase in pulmonary artery pressures 
during XC. As barbiturates are well known cardiode- 
pressive agents, this patient was excluded from 
further statistical analysis. 
Anaesthesia 
All patients were premedicated with Morphine-Sco- 
polamine. A thoracic epidural catheter was placed in 
the T5-T6 interspace and a 16 gauge catheter was 
introduced at the L3-L4 level for cerebrospinal fluid 
drainage. Cerebrospinal fluid pressure was main- 
tained below 10 mmHg during XC. Following induc- 
tion of anaesthesia with fentanyl (0.3-0.4 mg), pancur- 
onium (6-8 rag) and barbiturate (3-4 mg/kg), a double 
lumen endotracheal tube was placed in patients with 
high aneurysms to avoid manipulation of the left lung 
during surgery. A pulmonary artery catheter (Oxi- 
metric, Abbott, U.S.A.) was introduced through the 
internal jugular vein for measurements of central 
venous pressure (CVP), mean pulmonary artery pres- 
sure (PAP) and pulmonary artery wedge pressure 
(PCWP). Maintenance of anaesthesia was obtained by 
a combination of regional and general anaesthesia. 
Fentanyl and pancuronium were repeated in doses of 
0.05-0.1 mg/h and I rag/h, respectively in addition to 
N20 and isoflurane. Thoracic epidural anaesthesia 
(TEA) was achieved by the administration of 6-8 ml of 
bupivacain (5mg/ml) prior to surgery. Provided the 
systemic arterial blood pressure was within normal 
limits, 2ml of bupivacain was administered every 
hour. However, TEA was discontinued prior to 
declamping thereby avoiding an additive hypotensive 
effect. 
Surgery 
The thoracic aortic aneurysms were operated through 
a left thoracotomy in the 4th interspace. For the 
thoracoabdominal procedures a thoracolaparotomy 
was preferred, and the thoracic part of the incision 
selected according to the proximal extent of the 
aneurysm. A low porosity woven tube graft was 
applied for all procedures. During the thoracoabdomi- 
nal reconstructions, the orifices of the visceral arteries 
were anastomosed to a side-hole in the graft in four 
cases, whereas in one case a separate graft to the left 
renal artery became necessary. In two patients with a 
type I and one with a type IV aneurysm respectively, 
the anastomoses, including these orifices, were per- 
formed by the creation of a tongue of the graft. In this 
way the orifices of the visceral arteries with the 
adjacent part of the aorta was kept intact. No shunting 
or bypass was used in this series. During thor- 
acoabdominal aortic resection the kidneys were 
cooled with approximately 400 cc of Ringer's solution 
at a temperature of + 4°C containing 1000 IU of 
heparin / 1. 
Prior to XC, 300 ml of mannitol was infused i.v. for 
renal protection. Sodium nitroprusside (SNP) was 
infused to reduce systolic blood pressure to about 
80 mmHg before cross-clamping. During XC a small 
dose of dopamine was routinely administered. In 
order to avoid serious metabolic acidosis, sodium 
bicarbonate was given to maintain normal blood 
gases. With increasing blood pressure and pulmonary 
artery pressure following XC, SNP was administered 
to a maximum of 5-10vg/kg/min together with 
nitroglycerin 2 ~tg/kg/min. Both infusions were ter- 
minated when the aortic clamp was about to be 
removed. At declamping, rapid infusions of blood, 
flesh frozen plasma and platelets were started. If 
necessary, inotropic agents or vasopressors were 
given. 
Methods of measurements 
Left ventricular dimensions: Using two-dimensional 
ultrasound imaging of the left ventricle (LV), mid- 
cavitary cross-sectional images were obtained using a 
standard 5 MHz TEE probe. The probe was connected 
to a scanner (CFM 750, Vingmed Sound, Horten, 
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Norway) which was interfaced to a computer (Macin- 
tosh II-series, Apple Computers, Cupertino, CA, 
U.S.A.) for display and processing of digital images by 
use of dedicated software for handling of digital 
ultrasound and cardiovascular data (EchoDisp 3.0 
Vingmed Sound). The images were transferred as 
digital scanline ('raw') data without loss of informa- 
tion. The borders of the left ventricle were manually 
traced giving inner and outer areas in end-systole (ESi, 
ESo) and inner area in end-diastole (EDi). These areas 
will represent ventricular volumes in a symmetric 
contracting ventricle when no wall movements 
changes occur. 15 
Pulmonary artery catheterisation: In one patient we were 
unable to insert the pulmonary catheter due to 
technical reasons. Cardiac output was measured with 
the thermodilution method, injecting 10 ml saline at 
room temperature for each measurement. Three meas- 
urements were made randomly with respect o the 
respiratory cycle and averaged. The calculations were 
made in a cardiac output computer (Oximetrix 3, 
Abbott, U.S.A.). 
Baseline recordings were made 5-10 min prior to XC 
to avoid effects of anaesthesia induction and surgical 
preparation. During XC, measurements were recorded 
continuously, but the data obtained at 20-30 min 
following clamping were chosen to give the patient 
time to stabilise from the immediate ffect of XC. ~2 In 
one patient, LV areas were only available at 15 min, 
and in another patient CO data were only available at 
15 min. Finally, a complete series of measurements 
was obtained within 5-15 rain after clamp removal. 
Statistical nalysis 
All values are given as means and standard error of 
measurements (S.E.M.). The statistical significance of 
differences between means was assessed with two- 
side paired t-test and p < 0.05 accepted as the level of 
statistical significance. 
Results 
Left ventricular cross-sectional rea in ESi decreased 
32% from a baseline value of 7.3cm 2 to 5.0cm 2
(p < 0.01) during aortic XC. There were no significant 
changes in ESo or EDi during the procedure. Cardiac 
output increased 43% from an average of 5.3 1/min 
prior to XC of the thoracic aorta to 7.6 l/rain (p < 0.01). 
After declamping cardiac output was 8.2 1/min and 
still 55% elevated from baseline (p < 0.05) (Fig. 1). 
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Figure 1 Cardiac output (CO) and left ventricular end-systolic inner 
area (ESi) dunng thoracic and thoracoabdominal aortic anerysm 
repair. Values are presented asmean and S.E.M. at baseline (Pre), 
during cross-clamping (XC) and after dedamping (DC). 
Heart rate increased 38% from 66 beats/min prior to 
XC to 92 beats/min (p < 0.01) during XC, and was still 
30% elevated from baseline in the declamping phase 
(p < 0.01). Systolic arterial blood pressure averaged 
111, 128 and 92mmHg during the three phases of 
operation, respectively. There were no changes in CVP, 
PCWP or PAP during XC. However, following 
declamping there was an increase in CVP from 8 to 
12 mmHg (p < 0.01) and in PAP from 18 to 23 mmHg 
(p < 0.02) (Table 1). 
One of the patients died shortly after the operation, 
two succumbed from multiorgan failure and one of 
pancreatitis within 30 days. Of these patients, two 
were operated on for rupture and two had pain 
probably caused by expansion of the aneurysm. The 
patients were haemodynamically stable at induction 
of anaesthesia. One patient had an extensive dissec- 
tion of the entire descending thoracic and abdominal 
aorta in addition to his ruptured aneurysm and 
suffered a permanent paraparesis. Clamp-time and 
volume replacement during surgery is summarised in- 
Table 2. 
Discussion 
The present investigation shows that cardiac output is 
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Table i. Haemodynamic data in patients operated on for thoracic and thoracoabdominal aortic anerysms. 
Pre XC DC 
Heart rate (beats/min) 
Systolic arterial blood pressure (mmHg) 
Mean pulmonary artery pressure (mmHg) 
Central venous pressure (mmHg) 
Pulmonary artery wedge pressure (mmHg) 
End-diastolic inner area (cm 2) 
End-systolic outer area (crn 2) 
66 (2.9) 92 (8.1)* 86 (6)* 
111 (6.5) 128 (9.1)* 92 (5)* 
18 (0.8) 21 (2.4) 23 (1.7)* 
9 (1.3) 10 (2) 12 (1.7)* 
11 (1) 13 (2.3) 15 (2.1) 
18.9 (2) 17.7 (2.4) 16.3 (1.9) 
32 (3.8) 31.2 (3.9) 24.4 (3.5) 
Values are presented as mean and SEM at baseline (Pre), during cross-clamping (XC) and after declamping (DC). 
*p<0.05 vs .  baseline. 
significantly increased when thoracic and thoracoab- 
dominal aortic repair is performed uring direct XC of 
the aorta. End-systolic dimensions of the left ventricle 
is decreased and proximal arterial blood pressure and 
heart rate are increased. Thus, a hyperdynamic circu- 
latory state proximal to the aortic clamp is the result in 
spite of the fact that only approximately one-third of 
the body is perfused with blood. This haemodynamic 
paradox is known from previous experimental work 
although not all authors have been able to confirm 
it. 3-5'~1 Clinically, only Godet et al. has reported 
increased CO in patients undergoing thoracoabdomi- 
nal aneurysm repair. 8 Some authors believe that the 
reason for the increased CO is volume displacement 
from the splanchnic irculation to the non-compliant 
upper part of the body increasing preload and thus 
activating the Frank-Starling mechanisms. Provided 
this mechanism had been responsible for the increased 
CO one would have expected an increase LV diastolic 
diameter. In the present study, however, no changes in 
LV lastoh &ameter w 3 9 d" 'c " ere observed. ' Others believe 
that sympathetic discharge due to ischaemia distal to 
the aortic clamp is responsible for the haemodynamic 
response to XC. ~6-~s 
Cardiac output may increase as a result of increased 
stroke volume, increased heart rate or both. In our 
study, heart rate increased 38% and explains part of 
the increased CO. However, a reduced ESi and 
unchanged EDi also implicate that stroke volume is 
Table 2. Clinical data and fluid administration during operations 
for thoracic and thoracoabdominal ortic aneurysms. 
Age (years) 66 (2.2) 
Aortic damp time (min) 70 (7) 
Total operating ~'ne (rain) 251 (22) 
SAG blood (ml) 3970 (1031) 
Plasma (ml) 1766 (417) 
Colloids (ml) 1755 (276) 
Crystalloid solutions (ml) 9900 (2045) 
Rectal temperature at termination 
of the operation (°C) 33.9 (0.4) 
Values are presented as mean and S.E.M. 
increased. This is in contrast to Roizen et al. who found 
increased end-systolic and end-diastolic dimensions 
during supraceliac aortic XC in patients. ~1 However, in 
his study measurements were made 2-5 min after 
application of the aortic clamp. In animal experiments 
we have recently observed that thoracic aortic XC 
initially produced an instant left ventricular dilation 
which was gradually normalised for the first 5 min 
and was thereafter followed by decreased LV dimen- 
sions due to an increased myocardial contractility. 12
The changes in left ventricular dimensions observed 
in the present study, indicate that the wall thickness 
increases during XC. This is the only way the normal 
LV can maintain wall stress within normal imits when 
the afterload is abruptly elevated. 12"19 The physio- 
logical basis for this phenomenon is an increase in 
myocardial contractility due to an increased sym- 
pathetic tone. This explanation is supported by 
increased levels of catecholamines found during and 
after XC in patients ~6-1s and in experimental studies. 6 
Thus, oxygen consumption has to be increased. 
Accordingly, Bj~rnstad et al. has found increased 
coronary blood flow proportional to increased after- 
load during graded proximal XC. 2° 
The increase in PAP and CVP following declamping 
was not reflected in LV diastolic dimensions, thus no 
change in preload occurred. The increase in PAP may 
be explained by changes in pulmonary vascular 
13 21 resistance seen in reperfusion states. ' Since altera- 
tions in the ventricular pressure-volume r lationship 
occur in dynamic situations as aortic clamping and 
declamping, neither CVP nor PCWP can be regarded 
as reliable indicators of right or left ventricular 
preload. 22'23 Therefore, accurate valuation of cardiac 
performance should not be based on pressure alone. In 
our study, there was no left ventricular dilation after 
declamping, even if there was a trend towards an 
increase in PCWP simultaneously with an increase in 
PAP. 
On the contrary, end-systolic area was still reduced 
and when hypotension was observed, additional 
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Figure 2 Transesophageal ultrasound short axis images of left ventricle (LV) in end-diastole (ED) and end-systole (ES) in a patient 
undergoing surgery for thoracoabdominal aortic aneurysm. Images were recorded before cross-clamping (PRE XC),during cross-clamping 
(XC) and after declamping (POST XC). AOP: proximal aortic pressure; PAP: pulmonary artery pressure; HR: heart rate. 
volume was given, regardless of the levels of PCWP or 
PAP. Thus, a hyperdynamic state was present 
although the pulmonary artery pressure and the 
central venous pressure were increased. Had only the 
pressures been recorded the situation might have been 
misinterpreted ascardiac insufficiency. Therefore TEE 
is a valuable supplement to pressure measurements 
and could significantly influence the anaesthetic man- 
agement and fluid therapy during these operations. 
The high mortality in this series can be explained by 
a high number of patients operated on acutely. Three 
patients were operated on for rupture and an addi- 
tional three had pain caused by aneurysm expansion. 
It is well known that patients who are operated on for 
symptomatic acutely-expanding aneurysms have a 
higher mortality than those who are operated on 
electively. We do not think that these results influence 
our conclusion since all patients were haemodynam- 
ically stable when the measurements were performed. 
Furthermore, we have been able to confirm our data 
from more recent clinical experience with a sig- 
nificantly lower complication rate. 
In conclusion, during thoracic aortic XC left ven- 
tricular systolic dimension is reduced, whereas heart 
rate and cardiac output are increased. TEE could be a 
valuable aid in cardiac monitoring and fluid therapy 
during thoracic aortic surgery. 
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